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INTRODUCTION
In a heat pipe, the change of phase of the working fluid in the closed system is used instead of a large temperature gradient to transport a large amount of energy. The attention of many saentists has focused on this unique phenomenon since the concept WBB introduced. The vapor from the evaporator carries energy to the condenser, so the vapor flow in the core region of the heat pipe plays an important role in transfernng energy from source to sink.
Many researchers have studied the steady oneamenrional compressible (Levy, 1968; Brovalsky et al., 1976; Faghri, 1988; and Jang, 1988 ) and the steady two-dimensional vapor flow in heat pipes (Bankston and Smith, 1972; Tien and Rohani, 1974; Ooijen and Boo endoorn, 1979; Faghri, 1986; and Faghri and Parvani, ,984 . The comition cross sections of the vapor space are circu ar, rectangular Jang, 1988; Ooijen and Hoogendoorn, application. The heat flux distributions on the surface of the evaporator and condenser are uniform except for those presented by Jang (1988 . Recently, the transient pipes Bowman, 1987; and Bowman and Hitchcock, 1988) steady etate simulated heat pipe vapor flow was obtained by Bowman (1987) . However, the vapor flow was not actual vapor flow in a heat pipe and the numerical and experimental data were presented only in terms of the pressure. The transient two-dimensional compressible vapor flow in a heat pipe with a rectangular cross section dso was studied numerically by Issacci et al. (1988) , but only the axial and radial velocity profiles were presented.
No comparison with the existin experimental data was was not described.
During the start-up of hi h temperature heat pipes, flow to attain sonic and supersonic velocities for a relatively small heat input. Thus, the correct description of the transient vapor flow is essential to predict the successful start-up and to estimate the overall performance of the entire heat pipe. The governing equations for the vapor now as well as those for the wall and wick regions should be solved simultaneously. Also, the development of the one-dimensional transient model for the vapor flow has been suggested due to the large amount of computer time required for the two-dimensional model (Bowman, 1987; and Bowman and Hitchcock, 1988) . For this purpose, a simple and efficient mathematical model is desired for each region. All previous one-dimensional models for vapor flow are for the steady state condition and the viscous dissipation was neglected, which is important for high temperature applications.
This paper describes the mathematical model and the numerical method of solution for the transient compressible one-djmensional vapor flow in the heat pipe. A comparison of the numerical results with the simulated transient two-dimensional numerical results and experimental data for the steady state given by Bowman (1987) is also presented. In addition, the numerical results from the present model for the actual vapor flow in the cylindrical h g h temperature heat pipe are compared with the experimental data obtained at the steady state by Ivanovskii et al. (1982) .
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MATEEMATICAL MODELING
The oncdimensional transient compressible vapor flow is considered to predict thc vapor flow dynamics in thc heat pipe. Even though a uniform velocity is used, the friction at the interface is .incorporated by usin the expressions for the friction coeffiaents which ue f o u n t from the two-dimensional numerical results given by Bowman (1987 . The viscous dissipation in the vapor region is governing equations for the vapor flow in the heat pipe with negligible body forces are formulated by using the principle6 of the conservation of mass, momentum, aad energy in a control volume of cross-sectional area, x DY / I , and width,
dx.
The governing equations are written in a compact vectorial form as follows: where Vo(x) refers to the velocity at the wall with a positive value for injection and a negative value for suction.
The equation of state is employed to relate thc density, pressure, and temperature in the vapor space as follows:
For the simulated heat pipe vapor flow, the temperature was evaluated by using the equation of state because a change of phase was not involved. For the actual vapor flow in the cylindrical heat pipe, the Clausius-Clapeyron ORlGlNAL PAGE IS OF POOR QUALITY rdationship was used to predict the saturation temperature of the vapor from the pressure as given by
The known boundary conditions at the ends of the
heat pipe are as follows:
The conditions for the density and pressure at the ends of the heat pipe are unknown, so physidly realistic boundary conditions should be derived. In general, near the ends of the heat pipe the mass flow rate is small, 80 the axial gradients of the pressure and density are small. In the re ion adjacent to the exit of the evaporator, the variations o f t h e pressure and density are lar e. Thus, the boundary conditions for the pressure and iensity can be assumed as follows:
Bowman (1987) introduced a correlation between the mass flux at the wall and the pressure drop across a porous tube wall based on experimental measurements for the simulated heat pipe vapor flow. The mass flux (poVo) at the wall for the simulated heat pipe vapor flow was evaluated by using this correlation:
A(P 2 ) = 3.639 x 10g(p0V0)2 + 1.7015 x 108(poVo) (12) 2 where A(P ) is the absolute value of the difference between the square of the uniform source pressure and the square of the vapor pressure in the blowing section. In the suction section, A(P2) is the absolute value of the difference between the square of the vapor pressure and the square of the uniform sink pressure. A change of phase of the working substance wan not involved.
The uniform source temperature of 300 K was used for his experiment, but the sink temperature was not specified. To evaluate the terms in braces {} in equation (5), the source temperature is used at the blowing section and the vapor temperature is employed at the suction section. Since the working fluid changes phase at the vapor-liquid interface in actual heat pipes, the temperature at the interface is the saturation temperature, but the temperature in the vapor space may be quite different from the saturation temperature for high temperature heat pipes. For the onedimensional model, the properties are the area-averaged properties so that the temperature in the vapor space is not the interface temperature but is also not the saturation temperature. The vapor temperature can be evaluated from the energy equation and the saturation temperature corresponding the vapor pressure can be obtained from the Clausius-Clapeyron relationship. However, this saturation temperature is not the actuai interface temperature either. The correct estimation of the terms in braces {} in equation (5) is uncertain due to using the area-averaged properties. Since a heat pipe is a closed system, the application of the correct values of heat input and output is important. To eliminate this difficulty, terms in braces { in equation (5) to fully turbulent was predicted in the entrance region of the suction section for axial Reynolds numbers greater than Re = 12000. Unlike flow in impermeable tubes, laminar flow was maintained for axial Reynolds numbers greater than 2000. For the supersonic case in the suction and blowing section the flow remained laminar until a shock wave occurred and then turbulent flow abruptly appeared, which showed that no transition region existed.
Since the mathematical model is ondimensional, proper expressions for the friction coefficient are necessar to take into account the frictional losses. Bowman (1987T carried out eleven numerical simulations by using the two-dimensional numerical model to evaluate the friction coefficients according to the characteristics of the vapor flow. The following expressions for the friction coefficients including the compressibility effect were correlated by usin the friction coefficients obtained from the t w d i m e n s i o n i model. The friction coefficient for laminar flow in the condenser or evaporator is
The absolute value of the radial Reynolds number at the wall, Reo, is used in the evaporator and condenser. For the adiabatic section where the wall radial Reynolds number is zero, equation (14) is identical to that for the impermeable circular tube. For Cully-developed turbulent flow in the condenser, the friction coefficient is
For transition flow in the condenser entrance region, the friction coefficient is defined as -0 . 4 1 2z2
For the onedimensional numerical model presented in this paper, the vapor flow in the evaporator and adiabatic sections is assumed to be laminar. In the condenser, laminar flow is assumed for the axial Reynolds numbers below Re = 12000 at the entrance of the condenser and for supersonic flow. When the axial Reynolds number is greater than Re = 12000, transition and turbulent flows arc considered in the condenser. Also, after a shock wave turbulent flow is assumed in the condenser. Equation (14) is used to evaluate the friction coefficients i n the evaporator and adiabatic sections and is also employed in the Condenser when the axial Reynolds number at the entrance of the 3 condeaser is less than Re = 12000 and the vapor flow is supersonic. When the &al Reynolds number is larger than Re = 12000, equation (16) is applied to the transition region, which is assumed to exist from the entrance of the condenser to a b u t 80 percent of the condenser length based on the experimental data shown in Fi . 3.8 given by
Bowman (1987) . Equation (15) is used k r the turbulent !low in the condenser. The initial location of the transition region, x is equal to the location a t the entrance of the t,i' condenser, and from Fig. 3 .8 given by Bowman (1987) , xr = were eatimated to be 0.7 and 0.6, respectively.
NUMERICAL FORMULATION
From the many schemes (Anderson et al., 1984) available for the solution of the compressible flow problem, the Beam-Warming finite difference scheme is chosen to transform the overning equation (1) to the finite difference formulation. T%is scheme is a noniterative implicit method and i s similar to AD1 for multidimensional flow problems b using the factorization which retains the tridiagonal bloc matrix.
The spatial derivatives are approximated by using I the three-point second-order accurate central difference approximation for the interior points and the one-sided second-order accurate difference approximation for the boundary nodes. After the approximation operators are applied, the system of equations becomes 314 ud = i j 4 E over three grid points. The system of equations, (17) , has the following block tridiagonal structure:
where [JKL] represents the banded coefficient matrix of which components are 3 x 3 matrices for one-dimensional vapor flow, and (bnDi} and {RHSin} are column vectors. The tridiagonal block matrix size is now (3 x Ima-2) x (3 ) where Imax is the number of nodal points. This system of equations can be solved using the conventional methods for solvin block tridiagonal systems of equations.
determined by simply adding bnD to the value of Dn at n step. The primitive variables ( p , U, P, T ) can be obtained fiom D"+' A total of 80 nodes, which is the minimum number of nodes to obtain accurate results, are evenly spaced in the axial direction and a time step of 0.1 x s is used for the simulated heat pipe vapor flow. Since the heat flux at the wall in the evaporator is different from that in the condenser due to the different lengths for the cylindrical heat pipe, the coarse nodal system presented some difficulty to reach the steady state. For the cylindrical heat pipe, 200 evenly-tipaced nodes are used in the axial direction and a time step of 0.1 x lo3 s is employed.
Lax-2
The vector of un i nowns at n + 1 time step is then
I where = 1/2, the formula becomes second-order accurate in time Jacobian matrices, and c is the coe I ficient of the dissipative
RESULTS AND DISCUSSION

1) Comuariaon with the Simulated Heat PiDe V a w r Flow
A Comparison of the numerical results with the experimental data given by Bowman (1987) is desired to verify the mathematical model and algorithm. However, the existin experimental data was obtained by simulating the vapor %ow of a cylindrical heat pipe with a porous pipe which has an inside diameter of 1.65 cm and a length of 0.61 m as shown in Fig. 1 abruptly changed from the initial pressure to 1.03 x 10 N/m2 (15 psia) along the entire suction section, the pressures at the center and last nodes decrease immediately due to the evacuation of air. For this period, the blowing section pressures adjacent to the suction section start to decrease due to the flow of mass from the blowing section to the suction section, but the pressure near the beginnin of the blowing section remains constant. Also, the mass sow rate from the blowing section to the suction section is not sufficient to influence the end of the suction section so that the pressure at this point decreases faster than that at the center of pipe.
At about 0.8 -1.0 x IO3 6, the pressure at the end of the suction section reaches the minimum value and then starts to increase while the pressure a t the center of pipe keeps decreasing due to the frictional loss and the acceleration of the flow. At this time, the pressures over the entire blowing section become less than the initial pressure so that the mass flow rate is sufficient to influence the end of suction section. As the pressure in the Mowing section decreases and the source pressure remains constant, the mass flow rate from the blowing section to the suction section increases. Thus, the pressure a t the center node keeps decreasing and the pressure at the end of the suction section rises due to the contribution of the mass from the blowing section.
At about 3.5 x l o 3 s, the pressures a t all three points reach the steady state. As expected, the pressure a t the end of the suction section does not recover completely due to the frictional loss at the pipe wall. Figure 2 shows that the present results and numerical results for the two-dimensional model (Bowman, 1987) are in agreement. Comparison of the present numerical results with the experimental pressure variations (Bowman, 1987) in the porous pipe.
the pressure distributions for the low mass flow rates. The pressures in the blowing section decrease due to friction and the acceleration of the flow caused by mass injection, but the pressures in the suction section increase owing to the 5 ORIGINAL PAGE J S OF POOR QUALtTY deceleration of the flow by the extraction of mass. However, tho pnrvnres at the end of the suction section are less than those at the be$nning of the blowing section because of the loss due to hction. In these three cases, the pressure distributions at the steady state correspond well to those for low temperature heat pipes and are in agreement with the expaimenhl data.
'Ae fourth data profile (case B.5 shows the pressure Unlike the previous three cases, the pressure drop in the blowing saction is very large. The pressure ratio a t the exit of the blowing section is about 0.4 and this ratio corresponL to a Mach number of M = 1. After the pressure decreases in the blowing section, the pressure keeps decreasing in the entrance region of the suction section due to the expansion of air even though mass removal occurs. Then, the pressure suddenly increases and then continues to increaee a the flow slows down. This implies that a shock wave occurs at the place where the pressure changes abruptly. When a shock wave does not exist in the suction section, the pressure is supposed to decrease along the suction section. The one-dimensional model predicts the supersonic ffow and shock wave in the suction section and the comparison of the numerical results and experimental data shows a good agreement except for the region immediately after the shock wave.
The variations of the pressure, temperature, velocity low mass flow rate, the temperature and density in the blowing section decrease corresponding to the decrease in pressure and the velocity increases due to the mass injection as shown in Fig. 4 . The Mach number, however, is less than M = 1 at the exit of the blowing section, so the velocity in the suction section decreases because of the extraction of mass. Also, the temperature and density increase in the suction section. Figure 5 shows the axial variations of the temperature, pressure, velocity and density for the hi h exit of the blowing section, the velocity keeps increasing in the suction section until a shock wave occurs. Then, the velocity decreases to U = 0 at the end of the pipe. As shown by the density profile, the air expands near the entrance region of the suction section and then the density suddenly increases after the shock wave.
mass flow rate. After the sonic velocity is reached at t R c The most interestin aspect in Figs. 4 and 5 is the variation of temperature. T i e temperature at the end d the suction section is greater than that at the beginning GI the blowing section. In the present model viscous dissipation is included. The Mach number at the entrance of suction section is about M=0.5 for case B.4. Since the present model is one-dimensional, the derivative of the axial velocity with respect to the radius is zero, but the friction effect at the interface between the wall and the vapor is included by using equations (14 -16) for the friction factor.
This effect corresponds to viscous dissipation due to the axial velocity derivative with respect to the radius. The increase in temperature is due to viscous dissipation.
2) ComDarison with Actual V a w r Flow in Cvlindrical
Heat PiDes The model was tested for the actual vapor flow in a sodium heat pipe corresponding to the experiment given by Ivanovskii et al. (1982) as shown in Fig. 6 Figure 7 shows the axial variation of the saturation and v a p r temperatures, pressure, velocity and density obtained from the present numerical model and the experimentally measured saturation temperature distribution (Ivanovskii et al., 1982) . The pressure Axial variations of temperature, pressure, velocity and density of the sodium heat pipe at steady state.
temperature and density in the evaporator decrease and the velocity increases due to the injection of mass and the effect of friction. In the adiabatic section, the vapor temperature increases because of viscous dissipation and the pressure decreases owing to friction at the interface. The density also decreases while the velocity continues to increase. The vapor temperature in the condenser continues to increase due to viscous dissipation so that the vapor temperature at the end cap of the evaporator is less than that at the end cap of the condenser. The pressure rccovery in thc condenser is almost ncgligible. This may result from dominant friction effect at the interface of the condenser compared to thc effect of mass extraction in this long condenser. In the adia-atic section a difference between I le calculated and measured saturation temperatures is observed, but the trend of the saturation temperature variation is the same. The trend of the vapor temperature in the condenser is quite different from that of the saturation temperature in the same re ion, so the saturation temperature may not bc assumecf to be the vapor temperature in the condenser for the one-dimensional model. The effect of viscous dissipation in the vapor flow for the high temperature heat pipe is invtstigatcd as rbown in Fig. 8 . The vapor temperature at the end cap d the evaporator with viscous dissipation is less than that a t the end cap of the condenser. However, the vapor temperature at the end cap of the evaporator without viscous dissipation is almost the same as that a t the end cap of the condenser. In the adiabatic section, the vapor temperature with viscous dissipation increases while that without viscous dissipation does not change. Therefore, the viscous dissipation should be taken into account in the energy equation for the high temperature heat pipe. Heat Plpe Axlal Distance. rn Fig. 8 Comparison of the temperature variations with and without viscous dissipation for actual vapor flow.
CONCLUSIONS
A model for the transient one-dimensional compressible vapor flow in the cylindrical heat pipe is developed. This model predicts the vapor flow in cylindrical heat pipes as well as simulated heat pipes for the subsonic, sonic, and supersonic flows under transient and steady state conditions. The vapor flow quickly reaches the steady state condition.
The distributions of the temperature and pressure during the transient state are quite different from those for the steady state. The viscous dissipation terms play an important role in the ener y equation and have to be taken into account. The onc-fimensional compressible model predicts the expetimental data well for the cylindrical heat pipe and the simulated heat pipe at the steady state. The experimental data for the transient state arc nwded to undcrstand clearly the trarisicnt behavior of the vapor flow in the heat pipe both at low and high tempcratures. Thc one-dimcnsional model can rcduce the computationd cffort needed to solve the vapor flow problem.
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